The highly ordered multilayered organization of the adult chicken retina is a suitable test model for examining zonal distribution of the members of a bioeffector family. Based on the concept of the sugar code, the functional pairing of glycan epitopes with cognate receptors (lectins) is emerging as a means to explain the control of diverse physiological activities. Having recently completed the biochemical characterization of all seven adhesion/growth-regulatory galectins present in chicken, it was possible to establish how the individual characteristics of their expression profiles add up to shape the galectin network, which until now has not been defined at this level of complexity. This information will also have relevance in explaining the region-specific presence of glycan determinants in the retina, as illustrated in the first part of this study using a panel of nine plant/fungal agglutinins. The following systematic monitoring of the galectins yielded patterns for which quantitative and qualitative differences were detected. Obviously, positivity in distinct layers is not confined to a single protein of this family, e.g. CG-1A, CG-3 or CG-8. These results underline the requirement for network analysis for these proteins that can functionally interact in additive or antagonistic modes. Labeling of the tissue galectins facilitated profiling of their accessible binding sites. It also revealed differences among the galectin family members, highlighting the ability of this method to define binding properties on the level of tissue sections. Methodologically, the detection of endogenous lectins intimates that cognate glycans can become inaccessible, a notable caveat for lectin histochemical studies.
Introduction
Chicken retina has a highly ordered multi-layered structure and so is a very attractive model for monitoring zonal distribution of biomolecules with assumed physiological significance, which in this study are cellular glycoconjugates. Initially viewed as a rather inert appendix to proteins (Sharon & Lis, 1997; Reuter & Gabius, 1999) , these glycan chains are being increasingly determined to have a salient biological meaning. In fact, it has become clear that carbohydrates, the third alphabet of life after nucleotides and amino acids, can be considered 'letters' in which to store biorelevant information at high coding capacity in oligosaccharides or glycans ('words') (Gahmberg & Tolvanen, 1996; Spiro, 2002; Cummings, 2009; Gabius, 2009 Gabius, , 2015 Moremen et al. 2012; Corfield & Berry, 2015; Sol ıs et al. 2015; Corfield, 2017; Gabius & Roth, 2017; Higuero et al. 2017) . As a consequence, we are beginning 'to appreciate how deeply glycan functions pervade all aspects of organismic biology, molecular biology, and biochemistry' (Hart, 2013) . The diversity of modes of protein glycosylation, for example engaging N-acetylgalactosamine or -glucosamine, L-fucose, glucose or mannose, which are covalently attached to the protein in O-glycosylation, underscores the likelihood of a functional meaning for these non-random events (Patsos & Corfield, 2009; Corfield & Berry, 2015; Haltom & Jafar-Nejad, 2015) . The application of epitope-specific tools (monoclonal antibodies, plant lectins) for glycophenotyping, i.e. profiling of glycan epitope presence in cells and tissues, is a step toward delineating an assumed physiological significance (Jessell et al. 1990; Spicer & Schulte, 1992; Kleene & Schachner, 2004; Roth, 2011; Gabius et al. 2015; Manning et al. 2017) . The detection of the reactivity of glycans for a lectin, which is used as a probe, also provides a reason to envisage the possibility of their functional pairing with endogenous lectins. The lectins hereby act as natural effectors in situ. Indeed, lectins are not only expressed by plants but are present in animal and human tissues. Their systematic localization is becoming possible due to the steadily growing number of biochemically characterized proteins of this class and the availability of non-cross-reactive antibodies. When this work reaches the level at which the entire family of lectins is completely covered, then comprehensive analysis of its network can be achieved. To answer the question arising on the spatially distinct and cell type-selective expression of endogenous lectins, test systems with highly ordered structure are the most suitable, and this is what led us to select adult chicken retina and choroid as the study object.
Starting with an overview of the anatomical structure, several distinct layers form the retina. Next to the choroid (C), the outermost layer is the pigmented epithelium (PE), followed by the neuroepithelial layer with the outer segments of the visual cells (OS), their inner segments (IS) with the ellipsoid (E), and their nuclei in the outer nuclear layer (ON). Terminal bars of the M€ uller cells constitute the external limiting membrane (ELM), close to the outer nuclear layer (ON). The bipolar layer is segregated into the outer plexiform layer (OP), which contains the synaptic terminals of the visual cells, the inner nuclear layer (IN), consisting of the outer portion containing the nuclei of the horizontal, bipolar and M€ uller cells (bipolar layer, B) and the inner portion with the layer of the amacrine cells (AC) before the inner plexiform layer (IP). The ganglion cell layer (GC) with the nuclei of the ganglion cells and the optic fiber layer are the innermost layers. Outside central retinal areas, the optic fiber layer is composed of the actual fiber layer (F) and the layer of the roots of the M€ uller cells (MR). These cells provide the mechanical support of the retina and build with its roots and terminal bars the internal limiting membrane (ILM) and the ELM. Compared with mammalian retina (for details, please see Kohler, 1990) , the avian retina is relatively thick and presents special features such as oil droplets (a total of five types) between the inner and outer segments and different visual pigments (Martin, 1985) . Concerning visual cells, rods, straight cones with type I droplets (colored), straight cones with type II droplets, oblique cones and double cones are distinguishable.
Turning to the proteins studied herein, galectins are multifunctional effectors detected intra-and extracellularly. They are defined by their specificity to b-galactosides, their b-sandwich fold, and a conserved signature sequence (Kasai & Hirabayashi, 1996; Gabius, 1997; Hirabayashi, 1997; Cooper, 2002) . Phylogenetic divergence has led to varying sizes of the galectin family in animals (Cooper, 2002; Houzelstein et al. 2004) . Knowing about the total number of homologous proteins immediately engenders the aim of elucidating the individual features of each family member as part of the network. Of note, the chicken genome harbors seven genes for galectins (CGs). They represent all three structural subtypes: proto (mono-or homodimeric; CG-1A, -1B, -2, galectin-related inter-fiber protein (C-GRIFIN) and galectin-related protein (C-GRP) with its characteristic N-terminal tail); chimera (lectin domain linked to a collagen-like tail; CG-3); and tandem-repeat (two lectin domains covalently linked by a peptide; CG-8) types (Kaltner & Gabius, 2012; Kaltner et al. 2017 ). This rather small number, which still covers all the available structural classes, makes this organism an ideal test case for network analysis. Work on the CGs in retina started with the finding that extracts contain hemagglutination activity that was potently inhibited by the b-galactoside lactose (Eisenbarth et al. 1978) . The following biochemical efforts led to purification of a homodimeric protein termed CG-1A, immunohistochemically detected in all layers of the retina (Castagna & Landa, 1994a,b; Maldonado et al. 1999) . Since the respective study of mammalian retina revealed that more than a single galectin is found in this tissue (Uehara et al. 2001; Kim et al. 2009; Schl€ otzer-Schrehardt et al. 2012 ), a systematic study on chicken retina beyond CG-1A was warranted. The biochemical characterization of all seven CG proteins was recently completed (Garc ıa Caballero et al. 2016a,b; Kaltner et al. 2016) , providing the prerequisite for a comprehensive analysis of galectin presence and localization.
Access to the tissue lectins also enables a further line of study. In addition to immunohistochemical galectin localization and beyond glycophenotyping by common lectin histochemistry, the panel of galectins can be used as tools. Explicitly, it became possible to monitor the binding of CGs using the labeled tissue lectins as probes. This approach characterizes the reactivity profiles of cells and tissues for the endogenous proteins, a means to track down differences of binding properties between the family members in a physiological context. Combining these three methods, we here present for chicken retina and choroid (i) glycophenotyping with a panel of nine plant/fungal lectins as well as (ii) the immunohistochemical network analysis of CGs along with (iii) the staining profiles obtained with the endogenous lectins. 
Reagents
CGs were obtained after recombinant production by affinity chromatography as the crucial step, and then evaluated for their activity and purity. Thereafter, they were used as antigens for immunization of rabbits or labeled by biotinylation/incorporation of a fluorescent dye under activity-preserving conditions as described . The antibody preparations were routinely tested for cross-reactivity among the CG family (and with retina extracts) by Western blotting and ELISAs, and any respective activities were completely removed by repeated cycles of affinity chromatography of antibody-containing solutions over resin presenting the corresponding CG at high density (affinity depletion; Saal et al. 2005) . Viscum album agglutinin (VAA) and Polyporus squamosus lectin (PSL) were purified from extracts or after recombinant production and labeled, and then tested to ensure they had maintained their bioactivity using solid-phase/cell assays (as was systematically done for each labeled lectin) as described (Manning et al. 2004; Andr e et al. 2008; Amano et al. 2012) . Asialofetuin (ASF) as the pan-galectin-binding glycoprotein with up to nine b-galactoside termini (Dam et al. 2005 ) was used as the matrix. The other plant lectins were provided by Enzo Life Sciences (L€ orrach, Germany).
Expression profiling by RT-PCR and Western blotting
Primer-directed amplification was performed with Taq DNA polymerase (Qiagen) using pairs specific for each of the seven CGs and positive controls with RNA preparations from organs of proven gene expression as described (Garc ıa Caballero et al. 2016b; Kaltner et al. 2016) . The lengths of the expected products are 351 bp (CG-1A), 408 bp (CG-1B), 399 bp (CG-2), 627 bp (CG-3), 891/948 bp (CG-8S/L), 420 bp (C-GRIFIN) and 516 bp (C-GRP). Antibody-based detection of CGs on nitrocellulose membranes (0.2 lm pore size; Schleicher & Schuell, Dassel, Germany) after gel electrophoretic separation of extract components under denaturing conditions, tank blotting using goat anti-rabbit immunoglobulin G (IgG)-horseradish peroxidase conjugate (0.5 lg mL
À1
; Sigma-Aldrich, Munich, Germany), chemiluminescence generation and its quantitative assessment on X-ray films in a ChemiDoc Touch Imaging System (BioRad, Munich, Germany) were performed as described (Garc ıa Caballero et al. 2016a,b) . Antibody concentrations that were used in the series of experiments with recombinant proteins (positive and negative controls) and extracts were 0.25 lg mL
anti-CG-2) and 2.0 lg mL À1 (anti-CG-8).
(Ga)lectin and immunohistochemistry Sections (about 5 lm) of fixed and paraffin-embedded specimens, mounted on Superfrostâ Plus glass slides (Menzel, Braunschweig, Germany), were routinely deparaffinized and exposed to a 2% (w/ v) solution of carbohydrate-free bovine serum albumin (BSA) for (ga)lectin histochemistry. A solution of 1% (w/v) BSA in phosphatebuffered saline, which also contained 5% (v/v) goat serum (Enzo Life Sciences), was used for the immunohistochemistry. The incubation was carried out for 1 h at room temperature in a humid chamber to saturate sites for non-specific (antigen/glycan-independent) protein binding. Plant/fungal lectins were systematically tested in titration series to identify the concentration yielding an optimal signal-to-background ratio, covering ranges from 0.02-8 to 0.25-40 lg mL À1 (0.5-20 lg mL À1 for labeled CGs), this incubation step lasting overnight. Signal generation was performed with either Vectastainâ ABC-Kit alkaline phosphatase standard AK-5000 reagents or Texas-Red Avidin D (Enzo Life Sciences) as described Kaltner et al. 2016; Roy et al. 2017 ). Inhibition of binding by cognate carbohydrates/glycoproteins was carried out by pre-and co-incubation.
Double staining with anti-CG antibody and labeled CG followed a protocol with immunohistochemical processing, first using AlexaFluorâ-568-labeled goat anti-rabbit IgG (whole molecule, 1 lg mL
; Sigma-Aldrich) and then application of Alexa-Fluorâ-488-labeled CGs combined with staining of nuclei by 4 0 ,6-diamidino-2-phenylindole (DAPI; 1 lg mL
). Documentation was recorded using an AxioImager.M1 microscope (Carl Zeiss MicroImaging, G€ ottingen, Germany) equipped with an AxioCam MRc3 and MRc digital camera and AXIOVISION (version 4.6) software.
Results

Glycophenotyping of adult chicken retina by lectin histochemistry
In the first step of our study, we applied a panel of plant/ fungal lectins to characterize the distribution of distinct glycan epitopes in adult chicken retina. Their selection was guided to cover main binding partners of galectins, i.e. N-glycans with/without core substitutions and b1,6-branching, terminal galactosides with/without a2,3-sialylation (with the respective a2,6-sialylation blocking binding) and core 1 O-glycan disaccharide with/without sialylation ( Table 1 ). The concentration of each probe was systematically varied to obtain optimal documentation so that the range was between 0.02 lg mL À1 (WGA) and 40 lg mL À1 (VAA). A tissue reactivity to the second-step reagent that would otherwise lead to false-positivity was excluded using controls in which the incubation step with labeled probe was omitted from the protocol. The presence of cognate glycan ligand invariably strongly reduced signal intensity. The obtained staining profiles thus reflect lectin-dependent carbohydrate-inhibitable binding. The compilation in Table 2 (the asterisk denotes positivity in fluorescence-based detection) reveals a zonal distribution for each tested lectin. N-Glycans and also sites of O-GlcNAcylation are visualized by WGA, which binds to their stem regions, in all layers, the most intense signals being seen in the E/ILMs and the optic nerve fiber layer (Fig. 1A) . The inset shows the absence of lectin-independent staining. The presence of core fucosylation in N-glycans (detected by LCA), and of bisected N-glycans (detected by PHA-E) and b-1,6-branching in N-glycans (detected by PHA-L) appeared to be much more limited and the respective signals less intense (Fig. 1B,C) . Elaborations of the N-glycan core that require their own glycosyltransferases are less frequent than the basic structure.
Galactosides accessible for VAA are present in most layers ( Fig. 1D ), a2,3-sialylation occurs with a similar profile ( Fig. 1E ) and these signals are more intense than for a2,6-sialylation (Fig. 1F ). In comparison with N-glycans with a rather similar distribution in all layers, mucin-like core 1 Oglycan (detected by PNA) is segregated into zones of disparate extents of positivity (Fig. 1G ). Clear indications for its ensuing processing by a2,3-sialylation are observed in the GC, MR and ILM (Fig. 1H ). Run in parallel, the monitoring by fluorescence microscopy yielded similar results, with a few quantitative deviations such as detection of reactivity for PHA-L in the photoreceptor layer, here in OS/E, as documented in Supporting Information Fig. S1 .
These data illustrate non-uniform patterns of the lectin-reactive determinants. They reflect spatially ordered regulatory mechanisms of glycosylation steps. It is an open question whether CG expression also has such fine-tuned profiles. To address this issue, the characteristics of CG expression were determined beyond the known presence of CG-1A.
Profiling of CG expression by RT-PCR/Western blotting
A set of specific primer pairs for each CG was used for the initial detection of mRNA. Strong signals were obtained for CG-1A, CG-1B and CG-3 (Fig. 2) . On the protein level, the same result was seen in Western blotting for CG-1A, including a band at the position of the homodimer (Fig. 3) . Weak signals were additionally seen for CG-2 and CG-8, whereas no bands were present for C-GRIFIN, the lens-specific protein, and C-GRP (not shown). In each case, recombinant proteins served as positive controls to exclude false-negative results. These data indicate that chicken retina and choroid express more proteins than the reported CG-1A. Obviously, the available results for this CG do not convey sufficient information to tell the whole story, leading us to test the non-cross-reactive antibody preparations against all seven CGs immunohistochemically.
Profiling of CG expression by immunohistochemistry
As done for the lectins, different concentrations of the antibodies were tested by titration to determine the value which provides the optimal signal-to-background ratio in each case. Negative/specificity controls were performed to ascertain antigen-dependent signal generation. Additionally, positive controls of sections from tissues with expression of each of the seven CGs were performed. In agreement with the literature, CG-1A was present in all layers with rather uniform staining intensity and also in choroid (Fig. 4A) . However, as shown in Table 3 (the asterisk in this table denotes case of positivity by fluorescence-based detection), CG expression detected immunohistochemically is not restricted to CG-1A. Strong signals were also registered for CG-3 and -8. In contrast, no signal was picked up in the retina for CG-1B (Fig. 4B) . Positivity in the choroid is seen at the bottom of this microphotograph, which may well explain the CG-1B-specific band in RT-PCR and Western blot analyses. In the case of CG-2, no, or only very weak, staining was seen, except for the GC layer (Fig. 4C ). This nearly layer-specific expression was apparently not enough to yield a significant band in the biochemical processing. In contrast, CG-3 was present in all layers at a medium to high level (Fig. 4D ), in general equaling the situation for CG-1A, and also in choroid (inset to Fig. 4D ). CG-8 immunoreactivity was detected in most layers, too, and in choroid, mostly at a lower level (Fig. 4E) . As reported before (Garc ıa Caballero et al. 2016b), C-GRIFIN presence is confined to the lens shown by the inset to Fig. 4F . In this way, immunohistochemical monitoring is completed (Table 3 ). The availability of the complete panel of purified CGs, in good quantity, by tuning recombinant production, enabled not only access to non-cross-reactive antibody preparations but also their application as a tool to map the distribution of binding sites.
Profiling of CG binding by galectin histochemistry
The CGs were labeled (by biotinylation or incorporation of a fluorescent dye), and lack of impairment of their carbohydrate-binding activity was ascertained in all cases by solidphase assays using the glycoprotein ASF and by registering surface staining of cell lines of known reactivity. In principle, signals can be generated by binding of a CG to a suitable site, which must be accessible. Having revealed CG presence by immunohistochemistry, the endogenous lectins may therefore mask epitopes by in situ complex formation, for labeled CGs and for plant/fungal lectins. As noted above for these tools, signal generation was dependent on the incubation step with the probe, and the intensity was significantly reduced or even abolished by the presence of an excess of cognate glycan (lactose or mixture of lactose and ASF).
Testing the CGs on tissue sections led to staining in each case. The individual profiles are summarized in Table 4 .
Staining by biotinylated CG-1A was mostly weak, except for the OS (Fig. 5) , in contrast to the immunoreactivity (Fig. 4A) . Consequently, double staining was prominent at this site (Fig. 6A) . CG-1B was bound as probe in all retinal layers, where no presence of CG-1B could be detected (Figs 4B and 6B) . The presence of this lectin is confined to choroid, where signals for lectin presence and reactivity to the lectin did not overlap (inset to Fig. 6B ).
Strong reactivity of the fiber layer was characteristic for the third proto-type CG, i.e. CG-2, which was not positive for the antibody (Figs 5C and 6C) . Interestingly, this region was negative for labeled CG-3 (Fig. 5D) , whereas it was the only site of C-GRP reactivity (not shown), indicating the different selectivities among CGs. Yellow signals for overlap were seen in the ellipsoid region (Fig. 6D ). This region was also a prominent area of overlap for CG-8 (Figs 5E and 6E). Quantitative differences distinguish staining by labeled CG-3 and CG-8 (Fig. 5D,E) . The bona fide CG C-GRIFIN also bound to retinal layers with a characteristic profile (Figs 5F and 6F). These results document the applicability of labeled CGs and the generation of characteristic staining profiles among them. Regions of overlap are rather restricted so it can be assumed that a lectin such as CG-1A is completely paired in situ. Nonetheless, detectable reactivity may still be physiologically relevant.
Discussion
The formation of aggregates of chicken neural retina cells by plant lectins is a clear sign of the potential of cognate surface carbohydrates to be involved in cellular recognition phenomena (Kleinschuster & Moscona, 1972) . Equally interesting, glycophenotyping with plant lectins has revealed regional differences for reactivity, such as cone selectivity for binding of the PNA in sections of chicken and mammalian retina (Liu et al. 1983; Blanks & Johnson, 1984; S€ oderstr€ om, 1988; Kivel€ a, 1990; Arregui et al. 1992; Wu et al. 2006) . In this report, we broaden this evidence for Fig. 1 Illustrations of histochemical application of selected labeled lectins on sections through retina and choroid of adult chicken eyes. (A) Specific staining by labeled WGA was strongest in the external limiting membrane (ELM), the nerve fiber layer (F), the layer of roots of M€ uller cells (MR) and the internal limiting membrane (ILM), at medium level in the outer plexiform (OP), the amacrine cell (AC), the inner plexiform (IP) and the ganglion cell (GC) layers. Weak signal intensity was seen in the photoreceptor layer [consisting of the outer segment (OS), ellipsoid (E) and inner segment (IS)], the bipolar layer (B) and the outer nuclear layer (ON). The control in inset shows lack of staining after omission of the primary reagent.
(B) Extent of reactivity for LCA was weak (OS, E, IS, ELM, F) or negative in the retina, at medium level in the choroid. (C) Binding sites for PHA-E/-L (inset) were detected in the IS, ELM, ON and OP, for PHA-E additionally in the OS/E. Labeled PHA-L (inset) stained the fiber layer with moderate intensity and the GC and MR layers very weakly. Staining in the choroid was at medium level (PHA-E) or very weak (PHA-L). (D) VAA bound strongly to the OS, at a medium level to the fiber layer, weakly to the E, IS, ELM, and the ON, very weakly to the OP, AC and the MR. The control in inset shows lack of staining after pre-and co-incubation of VAA with a mixture of the glycoprotein asialofetuin presenting up to nine b-galactoside termini (1 mg mL
À1
) and free lactose (75 mM); choroid staining was strong. (E) Strong positivity for MAA-I was found in the OS, IS, ELM and OP. A comparatively weaker staining intensity was observed in the E, ON, B, AC, IP, GC, F, MR and ILM as well as the choroid. (F) Staining by labeled PSL was mainly confined to rods and cones of the photoreceptor layer (OS, E, IS) and to the ELM. Relatively stronger staining was in the choroid. (G) Strong reactivity for PNA was observed in the photoreceptor layer (OS, E, IS) and in the ELM, ON and OP, medium reactivity in the fiber layer. (H) Positivity for JAC was detected in all layers of the retina, albeit to a variable extent in staining intensity ranging from strong in the OS to very weak in the perikarya of the bipolar layer. Concentrations of biotinylated lectins used were 0.03 lg mL À1 for WGA; 0.5 lg mL À1 for PHA-E; 2.5 lg mL À1 for PNA; 4 lg mL À1 for MAA-I, PHA-L and PSL; 5 lg mL À1 for VAA and JAC; and 10 lg mL À1 for LCA. Scale bars: 20 lm.
adult chicken retina and choroid by examining the profiles of distinct N-and O-glycan epitopes that can be engaged in direct contacts with tissue lectins or can modulate glycan affinity for lectin binding. Whereas evidence for N-glycans, by lectin (WGA) binding to their core (Ard a et al. 2013) , was expectedly obtained in all layers, core substitutions, i.e. presence of the core fucose or the bisecting N-acetylglucosamine moieties, respectively, showed a limited appearance, as did b1,6-branching of N-glycans. In functional terms, the presence of these substitutions can act as a molecular switch for the conformational behavior of the respective N-glycan and affect N-glycan binding to galectins ). The next epitopes monitored by plant/fungal lectins were sialylated N-glycans, produced by a family of sialyltransferases and involved in diverse intermolecular recognition processes (Bhide & Colley, 2017) . The profiles of the N-glycan a2,3/6-sialylations showed clear quantitative differences, a2,3-sialylation being more frequent and abundant than a2,6-sialylation. This type of extension of the core 1 O-glycan disaccharide appeared comparatively strong in the GC layer relative to the disaccharide. These results underscore the intricate regulation of availability of distinct glycans and intimate a functional significance. One route of information transfer is functional pairing with lectins, starting at the stage of glycoprotein synthesis in the endoplasmic reticulum (Gabius et al. 2016; Roth & Zuber, 2017) . Of note, in most instances (except for a2,6-sialylated glycans without at least one LacNAc repeat), the listed glycans have reactivity with galectins. This has been documented with neoglycoproteins that present synthetic N-glycans, free oligosaccharides using isothermal titration calorimetry, frontal affinity chromatography or arrays with O-glycans (Andr e et al. 1997 (Andr e et al. , 2004 (Andr e et al. , 2007 Ahmad et al. 2002; Hirabayashi et al. 2002; Unverzagt et al. 2002; Stowell et al. 2008; Rapoport et al. 2015; Artigas et al. 2017 ). This possibility gives a reason to link this part with the analysis of lectin presence. In addition to its own information content, the detection of a tissue lectin has an important, often overlooked implication. In fact, if galectins are expressed in the tissue, then their pairing with suitable glycan epitopes in situ will automatically mask the bound glycan epitopes. In other words, glycophenotyping necessarily is confined to freely accessible epitopes. As a consequence, the systematic determination of galectin presence that we illustrate here serves two purposes: (i) it enables us to move from the properties of an individual family member, i.e. CG-1A in retina and choroid, to full-scale network identification involving all CGs and (ii) allows us to assess the presence of endogenous lectins as a factor possibly influencing glycophenotyping using plant lectins.
Using non-cross-reactive antibodies, we here present the first comprehensive mapping of all members of the galectin family in animal retina. As summarized in Table 3 , our immunohistochemical data for CG-1A localization are in agreement with the previously reported presence of this protein in all layers of adult retina (Castagna & Landa, 1994a,b) . The CG-1A paralogue CG-1B, in contrast, was not detected, and rigorous positive controls excluded a falsenegative result. Thus, a strict opposing regulation is apparently operative. It must have evolved after the origin of this protein pair by duplication of the common ancestral gene following the separation of the phylogenetic lines of birds and mammals about 3 9 10 8 years ago (Sakakura et al. 1990) . A main lesson from the data in Table 3 is that galectin expression is not confined to CG-1A. In addition to CG-1A, proto-type CG-2, chimera-type CG-3 and tandem-repeattype CG-8 were all present, each with its own distribution profile. A key message of this network monitoring thus is an a priori non-predictable set of expression profiles. This strongly argues against a simple redundancy among galectins. Underlining the existence of cross-species similarities, the human orthologue of CG-2 also resides in the ganglion layer (Schl€ otzer-Schrehardt et al. 2012), and mammalian galectins-1 and -3 have been detected throughout the retina (Uehara et al. 2001; Kim et al. 2009 ), as reported herein for CG-1A and CG-3. In summary, the proteins of the CG-1A/B paralogue pair underlie qualitatively different regulation mechanisms, with CG-1A as liver lectin, to CG-1B as intestinal protein (Beyer & Barondes, 1982) . More than one CG can be present in a distinct layer; the expression profiles of CGs have individual characteristics with overlaps. Given the possibility of a functional interplay of homologous Strong signals for CG-3 were assigned to the ELM, ON, OP, AC, GC, and F and comparatively only slightly less in the MR and ILM, whereas staining of rods and cones in the photoreceptor layer (OS, E, IS) as well as of the IP was moderate to weak. Choroid positivity is shown in inset. (E) CG-8 was found in all layers of the retina with weak to medium intensity except for the ellipsoid segment, which presented a comparatively stronger intensity. (F) The layers of the retina were negative for C-GRIFIN, whereas the lens was strongly stained (inset). Immunopositivity of the choroid (C) was observed for CG-1A (A), -1B (B), -2 (C), -3 (D) and -8 (E), whereas no signal was obtained for C-GRIFIN (F). Concentrations of antibodies used were 0.5 lg mL À1 for anti-CG-3 IgG; 1 lg mL À1 for anti-CG-1A IgG, anti-CG-1B IgG, and anti-C-GRIFIN IgG; 2 lg mL À1 for anti-CG-2 IgG and anti-CG-8 IgG. Scale bars: 20 lm.
proteins (please see below), the immunohistochemical network analysis thus appears mandatory as a solid foundation for functional considerations. Work on optimizing yields of galectin purification revealed an important aspect of these tissue lectins. In extracts of chicken retina, the specific activity for hemagglutination was increased from 5.9 AE 1.4 titer mg À1 up to 94.0 AE 10.3 titer mg À1 by adding the cognate sugar lactose to dissociate complexes of lectin and cellular glycoconjugate in extracts (Castagna & Landa, 1994a) . Thus, lectin-counter-receptor pairs can exist in situ that reduce accessibility of lectin for the resin-immobilized ligand in affinity chromatography, and an ion-exchange chromatography step was later integrated into the purification protocol to attain high galectin quantities by its separation from cognate glycoconjugates and the added lactose (Ahmed et al. 1996) . Our histochemical data obtained with labeled CG-1A document that the lectin, by complex formation, 
Signal intensity was semiquantitatively grouped into the following categories: À: no staining; (+): very weak but significant staining; +: weak staining; ++: medium staining; +++: strong staining; *: positivity by fluorescence-based detection. Binding sites for biotinylated CG-3 were found in the OS of the photoreceptor layer at high level, whereas the E segment was only weakly reactive. The other layers of the retina were only faintly stained or negative. (E) Intense signals after binding of CG-8 were obtained in the OS and F, the perikarya of the GC showed weak to medium signal intensity, whereas the other layers were only weakly stained. The IN and the IP were negative. (F) Biotin-labeled C-GRIFIN stained the OS, E, the ELM, GC and the F moderately. All other layers were only weakly positive. Biotinylated CG-3 (D), -8 (E) and C-GRIFIN (F) bound to the choroid (C), whereas this layer was mostly negative when testing labeled CG-1A (A), -1B (B) and -2 (C). Concentrations of biotinylated CGs/C-GRIFIN used were 0.5 lg mL À1 CG-2; 1 lg mL À1 CG-1B and CG-8; 2 lg mL À1 CG-1A, CG-3, and C-GRIFIN. Scale bars: 20 lm.
Fig. 6
Immunohistochemical staining and the overlay with respective galectin histochemical staining profile obtained by applying fluorescently labeled CGs. Anti-CG/C-GRIFIN-specific first-step antibodies were used in combination with Alexa-Fluorâ-568-labeled second-step goat anti-rabbit IgG (red). CG-specific binding sites were visualized using Alexa-Fluorâ-488-labeled CGs/C-GRIFIN (green). (A) Positivity for CG-1A and binding sites for CG-1A overlapped in the E and OS of rods and cones (yellow/orange). (B) Signals for both CG-1B presence and reactivity to this lectin were detected in choroid without a significant overlap (inset). (C) Binding of fluorescent CG-2 showed distinct overlap (in yellow/orange) with CG-2 presence in the E and OS of rods and cones. A few areas of overlap were observed in the basal region of cells in the PE (arrowhead). (D) Overlap of staining by fluorescent CG-3 and anti-CG-3 IgG was detected only in the E. (E) Binding sites for fluorescent CG-8 were detected in the photoreceptor layer (OS, E, IS), ELM, ON, OP and also in the F, leading to marked overlap to CG-8 presence exclusively in the E. (F) As expected, no overlap of antibody/galectin staining was seen using anti-C-GRIFIN and fluorescent C-GRIFIN. Concentrations of antibodies used were 1 lg mL À1 for anti-CG-1A IgG; 2 lg mL À1 for anti-CG-1B IgG, anti-CG-3 IgG, anti-CG-8 IgG and anti-C-GRIFIN IgG; 4 lg mL À1 for anti-CG-2 IgG. Concentrations of Alexaâ-Fluor-488-labeled lectins used were 0.5 lg mL À1 for CG-2; 2 lg mL À1 for CG-8; 4 lg mL À1 for CG-1B and C-GRIFIN; 8 lg mL
À1
for CG-1A and -3. Scale bars: 20 lm.
may indeed mask binding sites completely, as possibly shown by negativity in the IN/IP layers. The mucin-like glycoprotein associated with photoreceptor cells and extracellular matrix glycoproteins such as fibronectin are candidates for this glycan-dependent pairing in mammalian retina (Uehara et al. 2001; Alge-Priglinger et al. 2009 , 2011 , as inferred by the release of CG-1A from retina constituents in extracts by lactose, mentioned above. Binding of tissue (and also plant) lectins, as documented in Table 4 (Table 2) , should thus always be viewed with the caveat that reactive sites may already be occupied by a cognate galectin in situ. Nonetheless, monitoring with these tissue receptors enables definition of the (remaining) reactivity profile for a galectin. The comparison of the obtained data revealed that each member of the family has its own pattern of lactoseinhibitable staining. This may be due to the reactivity of suitable N-or O-glycans or peptide motifs. Although they share the same lectin domain, sequence divergence and the different structural context obviously lead to deviations in tissue binding that point to functional disparities. Engineering of CG variants by molecular transplantation, as recently reported for a lectin domain of galectin-8 (Ludwig et al. 2016) , is a facile means to track down the impact of this structural parameter. In functional terms, CG-1A has already been studied as inhibitor of T-cell activation and stimulator of axonal growth and guidance, with CG-1B being not, or only weakly, active in these assays (Schneller et al. 1995; Kopitz et al. 2004 ). For mammalian retina, galectin-1 is an effector in establishing the ocular immune privilege (Ishida et al. 2003; Streilein, 2003) , exerting protective roles in ocular inflammation (de Freitas Zanon et al. 2015) . Upregulation of galectin-1 by dexamethasone, originally observed in cells of the T leukemia CCRF-CEM line (Goldstone & Lavin, 1991) , supported this reasoning for an anti-inflammatory role (de Freitas Zanon et al. 2015) . In mammals, a concerted action of several galectins, i.e. galectins-1, -2, -3, -7 and -9, on activated T cells is known (Villalobo et al. 2006; Liu et al. 2012) . Intravitreous injection of anti-galectin-1 antibody (tested on five rats) led to vacuolation of the OP layer and retinal detachment, probably reflecting the activity of homodimeric galectin-1 as a hemagglutinin and trans-bridging factor (Harrison & Chesterton, 1980; Percec et al. 2013; Zhang et al. 2015) . This effect did not occur when similarly testing an antigalectin-3 antibody: 'little morphologic change was observed at 3 days after injection' (Uehara et al. 2001) . Interestingly, in this context, galectins-1 and -3 were both shown to interfere with retinal pigment epithelial cell attachment and spreading on fibronectin (Alge-Priglinger et al. 2009 , 2011 . These data provide evidence that galectins present at the same sites may interact functionally, either antagonistically, as first elucidated for human galectins-1 and -3 in tumor (neuroblastoma, pancreatic carcinoma) growth regulation (Kopitz et al. 2001; Sanchez-Ruderisch et al. 2010) , or in cooperation, as recently detected for galectins-1 and -8 in promotion of plasma cell formation (Tsai et al. 2011 ) and for galectins-1 and -3 during osteoarthritis pathogenesis (Toegel et al. 2014 (Toegel et al. , 2016 Weinmann et al. 2016) .
Beyond an interplay between members of the galectin family, functional orchestration can encompass the ligand site, i.e. presence of a suitable glycoconjugate with glycans for high-affinity association to a galectin (for examples of respective glycolipid and glycoprotein tuning for galectin-1, please see Kaltner et al. 2017) . Obviously, the reported network analysis for adult retina and choroid combined with (ga)lectin application are prerequisites for a dissection of galectin functionality. The herein proven feasibility of this approach also inspires performance of this detailed characterization during development. In fact, hemagglutination activity had been reported to increase in extracts from embryonic retina starting at day 10 to reach plateau level at hatching (Eisenbarth et al. 1978) .
Overall, the current data answer the pertinent question on the distribution profiles of the individual proteins of the CG family in adult retina and choroid, ranging from qualitative differences to overlaps. We draw attention to the consideration of functional interplay between these homologous proteins and the requirement for network analysis of CGs. Their application as tools revealed individual binding profiles despite their close evolutionary relationship. Beyond the delineation of zonal distribution profiles, the detection of presence of these endogenous lectins has significance for interpreting data of lectin histochemical studies. Any tissue lectin can block access to glycan epitopes by in situ pairing so that glycophenotyping by labeled probes (lectins or monoclonal antibodies) is confined to accessible glycans, an aspect of broad relevance. As in situ effectors, these CGs can give a functional meaning to regulatory shifts in the glycan profile. The orchestration of both sides of this recognition system, in consequence, offers enormous potential. Systematic analysis of presence of all CGs and binding sites is a step towards delineating its actual mechanism.
